Deoxyribonucleic acid reassociation measurements revealed that 50 of 11 1 Bacillus circulans Jordan 1890 strains examined could be separated into 10 groups of genetically related organisms. The results of deoxyribonucleic acid relatedness studies and phenotypic comparisons suggested that five of these groups were hitherto undescribed species and that four others probably represented previous ly, but inadequately, described species. The tenth group, which included the type strain, represented the species B. circulans sensu stricto. Our data show that B . circulans and Bacillus maceruns Schardinger 1905 are genetically and phenotypically distinct species. Thus, the phenotypic heterogeneity of the species B . circulans sensu lato is not due to inherent variability of genetically related strains but rather is due to inclusion of genetically unrelated organisms in this taxon.
Deoxyribonucleic acid reassociation measurements revealed that 50 of 11 1 Bacillus circulans Jordan 1890 strains examined could be separated into 10 groups of genetically related organisms. The results of deoxyribonucleic acid relatedness studies and phenotypic comparisons suggested that five of these groups were hitherto undescribed species and that four others probably represented previous ly, but inadequately, described species. The tenth group, which included the type strain, represented the species B. circulans sensu stricto. Our data show that B . circulans and Bacillus maceruns Schardinger 1905 are genetically and phenotypically distinct species. Thus, the phenotypic heterogeneity of the species B . circulans sensu lato is not due to inherent variability of genetically related strains but rather is due to inclusion of genetically unrelated organisms in this taxon.
Jordan described the species Bacillus circufans in 1890 (8). In 1916, Ford isolated a morphologically dissimilar strain but classified it as B. circulans because, like the strain of Jordan, its colonies also displayed internal circular movement (4). The strain of Jordan has been lost. Because strain 26 of Ford is the only historical strain available, it has been designated as the type strain.
Continued studies by other researchers have disclosed a morphologically, nutritionally, physiologically, immunologically, and chemically heterogeneous group (1, 6, 7, 10, 12, 13) . Our studies have established that of 123 strains identified as B. circulans, only 17 have guanine-pluscytosine (G+C) contents (37 to 40 mol%) like the type strain. Deoxyribonucleic acid (DNA) reassociation experiments have revealed that 10 of these 17 strains are closely related to each other and to the type strain (9). The present study was undertaken to determine by DNA reassociation experiments the taxonomic position of the strains misclassified as B. circulans. Our data suggest that at least five hitherto undescribed species and four previously, but inadequately, described species may be misclassified as B . circulans.
MATERIALS AND METHODS
Bacterial strains. The B . circulans strains used in this study have been listed previously (9). Also included in this study were strains NRRL NRS-18, NRRL NRS-609, NRRL NRS-888, and NRRL NRS-1105, the type strains of Bacillus steurothermophilus Donk 1920, Bacillus coaguluns Hammer 1915, Bacillus mucerans Schardinger 1905, and Bucillus polymyxu (Prazmowski) Mace 1889, respectively.
Characterization. The strains were characterized as described by Nakamura and Swezey (9) . In this study we also tested for urease activity by the method of Edwards and Ewing ( 3 ) . DNA isolation, G+C ratios, and DNA reassociation. The procedures used for DNA isolation and final purification by hydroxyapatite chromatography and for estimation of DNA reassociation values by spectrophotometric measurement of renaturation rates have been described previously (9). The equation of De Ley et al. (2) was used to calculate the reassociation values (percentages). All determinations of DNA reassociation values were repeated twice.
To determine the G + C content, the buoyant density of a DNA was measured by CsCl density gradient centrifugation; the internal standard which we used was Micrococcus luteus (synonym, "Micrococcus lysodeikticus") DNA purchased from Sigma Chemical Co., St. Louis, Mo. (11).
RESULTS
Because a large number of strains were involved, DNA reassociation values were determined only among organisms segregated according to similarities in G + C contents or phenotypic characteristics or both. Such determinations established that 50 of the 111 strains identified as B . circulans could be separated into 10 distinct DNA relatedness groups (Table l) , each consisting of a reference strain and organisms genetically related to it. Experiments showed that the extent of DNA reassociation among members of any one group was high (70 to 100%). However, intergroup DNA reassociation values were consistently low (35% or less). The largest group (group 1) consisted of nine organisms and the type strain of B. circulans (strain NRRL NRS-726), and these organisms had G + C contents of 37.4 to 38.9 mol%. The remaining nine groups (groups 2 through 10) contained from three to six members. The strains in groups 2 through 6 had G+C contents that ranged from 45.6 to 50.2 mol%. In groups 7 through 10, the G+C contents ranged from 50.3 to 54.4 mol%. DNAs with G + C contents that range from 45 to 54 mol% have been found in B. cougulans, B . macerans, B. polymyxa, and B. stearothermophilus (5). Our low DNA relatedness values suggested that none of the nine groups was related genetically to these four established species (Table 1) . Table 2 shows a comparison of the phenotypic characteristics of the 10 DNA relatedness groups. In general, whereas the groups showed pronounced phenotypic heterogeneity, individuals within groups were highly homogeneous. All of the groups were catalase positive and were negative for acetylmethylcarbinol production (Voges-Proskauer [VP] test), oxidase, egg yolk lecithinase, H2S production, and growth at 55°C or higher. Except for group 7, all of the groups were active carbohydrate fermenters.
Group 11 consisted of 61 strains that gave low DNA reassociation values (30% or less) with the reference strains of the first 10 groups. The G+C contents of these strains ranged from 43 to 55 mol%. The characteristics of group 11 are summarized in Table 2 . This group was highly heterogeneous, a condition that appropriately describes the species B. circulans in its present state.
DISCUSSION
On the basis of DNA reassociation studies, 10 distinct groups were identified among 111 strains identified as B. circulans. As reported previously (9), because the major group (group 1) contains the type strain, this group represents the species B. circitlans sensu stricto. According to Table 2 , this B . circulans group is phenotypically distinct from the other nine DNA relatedness groups. Furthermore, in contrast to the statement in Bergey 's Manual of Determinative Bacteriology, 8th ed. (S), B. circulans is distinguishable from B . macerans by differences in the following characteristics: growth in 5% NaCI, utilization of citrate, reduction of nitrate to nitrite, and G+C content ( Table 3 ). The level of DNA relatedness between the two species is low (Table 1) .
Ranging from 45 to 54 mol%, the G+C contents of groups 2 through 10 encompass the range of base contents of DNAs from a group of known species which includes B. 5 6 7 8 9 10 11 ( n = 10)' ( n = 3 ) ( n = 3) ( n = 3 ) ( n = 6) ( n = 6) ( n = 5 ) ( n = 5 ) ( Phenotypically, the inability of the members of the groups to grow at 55°C eliminates classification as either B . coagulans or B . stearothermophilus (Table 3) . Furthermore, in contrast to groups 2 through 10, B . cougulans gives a positive VP test, and B . stearothermophilus does not ferment arabinose, mannitol, or xylose.
Because groups 2 through 10 are VP test negative and largely negative for citrate utilization, reduction of nitrate to nitrite, and caseinase activity, they are probably not related to B . polymyxa, which is VP test positive, reduces nitrate to nitrite, and hydrolyzes casein (Table  3) . Groups 8 and 10 reduce nitrate to nitrite but do not hydrolyze casein. Groups 2 and 5 hydrolyze casein but do not reduce nitrate. B . macerans is VP test negative, reduces nitrate to nitrite, and utilizes citrate. Since they are negative for all three of these tests, groups 2 through 7 are most likely not related to B . macerans (Table 3) . Although groups 8 and 10 reduce nitrate to nitrite, their ability to grow in lysozyme and their failure to utilize citrate differentiate them from B . macerans. Group 9 differs from B. macerans in not being able to reduce nitrate to nitrite.
DNA relatedness measurements and phenotypic studies have revealed that the majority of the strains which we examined have been erroneously classified as B. circulans. According to our results, among the 111 erroneously classified organisms there were nine genetically unrelated groups (hence, nine distinct species). Members of five of these nine groups may represent species that have not been described previously, and some of the strains in four of the groups were originally classified as species other than B . circulans. For example, group 5 includes strain NRRL NRS-924, which was received as "Bacillus pabuli" Schieblich 1923. Group 8 contains strain NRRL NRS-666, which was received as "Bacillus lautus" Batchelor 1919. Included in group 9 are strains NRRL NRS-625 and NRRL NRS-626, which were received as "Bacillus nitidus" Bredemann and Heigener 1935; strains NRRL NRS-639 and NRRL NRS-1000, which were received as "Bacillus validus" Bredemann and Heigener 1935; and strains NRRL NRS-838a and NRRL NRS-839a, which were contaminants of a culture identified as "Bacillus cohaerens" Meyer and Gottheil 1901. Strain NRRL NRS-290 in group 10 was received as "Bacillus amylolyticus" Kellerman and MacBeth 1912. The above observations suggest that group 5 could be classified as "B. pabuli", group 8 could be classified as "B. lautus", group 9 could be classified as "B. nitidus" or "B. validus", and group 10 could be classified as "B.
amylolyticus' ' . Also present were 61 strains which were not genetically related to groups 1 through 10 and displayed widely varying characteristics. Consequently, the phenotypic heterogeneity of B . circulans is not due to the inherent variability of genetically related strains but is derived from the inclusion of a number of unrelated organisms in this taxon.
